Buckling at the micro-and nano-scale generates distant bistable states which can be beneficial for sensing, shape-reconfiguration and mechanical computation applications. Although different approaches have been developed to access buckling at small scales, such as the use heating or prestressing beams, very little attention has been paid so far to dynamically and precisely control all the critical bifurcation parameters -the compressive stress and the lateral force on the beam.
Precise and on-demand generation of compressive stress on individually addressable microstructures is especially critical for morphologically reconfigurable devices. Here, we develop an all-electrostatic architecture to control the compressive force, as well as the direction and amount of buckling, without significant heat generation on micro/nano structures. With this architecture, we demonstrated fundamental aspects of device function and dynamics. By applying voltages at any of the digital electronics standards, we have controlled the direction of buckling.
Lateral deflections as large as 12% of the beam length were achieved. By modulating the compressive stress and lateral electrostatic force acting on the beam, we tuned the potential energy barrier between the post-bifurcation stable states and characterized snap-through transitions between these states. The proposed architecture opens avenues for further studies that can enable efficient actuators and multiplexed shape-shifting devices.
The advent of nano-electromechanical systems (NEMS) [1] [2] has opened promising new perspectives for the development of sensors [3] [4] [5] [6] and mechanical computers, [7] [8] [9] [10] [11] [12] [13] [14] [15] owing in particular to their potential for high-speed operation, their scope for large-scale integration, and their robustness in harsh environments 14, 16 (e.g., high temperatures, and exposure to ionizing radiation and electromagnetic pulsation). In these applications, the use of buckling instability can increase the resolution of sensors, 17 decrease the footprint of micro-relays, 18 and reduce the operational complexity of memory devices. 10, [19] [20] [21] Recently, buckling has also emerged as an important resource for controlling the device characteristics in optomechanical dynamics, [22] [23] smart materials 24 , morphable microelectronic devices, 25 non-reciprocal metamaterials 26 and energy harvesters 27 .
Buckling of biological polymers is a key factor for the organization of cellular interfaces, 28 and wrinkling processes in aging and cerebellum development. [29] [30] 3
Despite the important role it plays in such diverse mechanisms, a precise, dynamical and allelectronic control of buckling bistability has not been demonstrated at the micro-and nano-scale so far. Buckling at this scale has often been accomplished by using beams pre-stressed during microfabrication; [19] [20] however, this approach is not suitable for dynamically controlling the compressive stress on the beam and tuning the potential energy landscape at will. Another common approach has been to induce buckling thermally, which creates an excessive amount of heating (e.g. temperature increase by tens of Kelvins) and power consumption (~mW/compression) which are prohibitively high for applications.
10, 31
Only very few studies have shown non-thermal and tunable buckling either at much larger dimensions 32 or by using special piezoelectric materials.
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The present study sought to address the above shortcomings by developing a technique for controlling the buckling parameters without significant heat generation and solely through the application of DC voltages. We electrostatically controlled the compressive stress and lateral force on a slender nanobeam, and thereby demonstrated various device operations that conceptually and quantitatively proves the high controllability of buckling-based nanoelectromechanical devices.
We showed that the beam can be used as a nano-manipulator reaching maximum displacements as large as 12% of the beam length towards each side which enables us to investigate the post buckling behaviour and snap-through characteristics of a nanobeam experiencing high deflection.
The device structure and operation are as follows ( Figure 1a ). The device is composed of four main components: a beam whose buckling is controlled; an inverted comb drive actuator to generate compression and initiate buckling; a modified crab leg spring 33 for recovering back to unbuckled state; and side gates for controlling buckling direction. The structural material is p- The device operation was observed with an SEM system equipped with electrical feedthroughs to apply DC voltages on the two comb drives and the side gate electrodes. A custom-designed control panel was used to handle and measure the supply and control voltages, and was additionally equipped with a programmable microcontroller circuit so that desired voltage waveforms can be applied accurately on the device (SI Section 3). The control of the device was accomplished entirely using DC voltages to generate electrostatic fields only. This is in contrast with thermally induced buckling 10, 31 which increases the temperature of the device by tens, in some cases hundreds, of Kelvins and consumes a large power.
We performed experiments to study symmetry-breaking during device operation. The experimental protocol consists of three steps: preload, compression and retain (Figure 3a , Video S3). In the preload stage, the guiding voltage which eventually determines the buckling direction After the bifurcation point, the system adopts two distinct stable states with theoretically symmetrical energy levels. By applying lateral force in the deflection direction, it is possible to reshape the potential energy landscape of the beam so that one energy minimum gets shallower while the other gets deeper (Figure 4c-d) . Depending on the comb voltage difference, bistability can be lifted by applying a sufficient lateral force; in other words the system snaps through. In this case, one of the original stable states becomes unstable as bending (due to the large lateral force)
dominates buckling. Snap-through transition can also be realized while system still has two distinct stable states. If the relative energy of the shallower well approaches to a value comparable to the noise level -namely thermomechanical noise or electric noise induced by instruments used in experimentation such as power supply or electron gun of the SEM -beam tends to experience a sudden jump towards the other minima. 
